Rationale Numerous neuroimaging studies have demonstrated lower neural tissue density in chronic cocaine users, which may be linked to cognitive dysfunction. Objectives The goal of this study was to determine whether neural tissue density was also impaired in individuals abstinent from cocaine and whether any observed changes were associated with cognitive performance. Methods A total of 73 participants were included: 24 active cocaine users, 24 abstainers (abstinent for at least 1 month), and 25 nondrug-abusing controls rigorously matched for age, gender, and IQ. All participants performed a cognitive assessment battery and received an MRI which was analyzed using voxel-based morphometry. Results The abstainers had significantly higher gray matter density than the current cocaine users in neocortical areas including the frontal and temporal cortex. In contrast to the users, there was no difference in white matter density in the abstainers relative to the controls. The abstainers performed better than current users on several behavioral tasks. Within users and abstainers, cortical density was correlated with performance on memory and reaction time tasks. Subcortical gray matter density was lower in both the users and abstainers relative to the controls. Within abstainers, subcortical tissue density was correlated with the ability to set-shift. Conclusions These data suggest that individuals able to remain abstinent from cocaine for at least 1 month have elevated neocortical tissue density and perform better on multiple cognitive tests, relative to current cocaine users. Larger, longitudinal studies are needed to address this interaction between abstinence, cognition, and cortical tissue density directly.
Introduction
Individuals with a history of chronic cocaine use often have significant deficits in multiple cognitive domains including poor response inhibition, impaired decision-making skills, deficits in abstract reasoning, nonverbal problem solving, and both spatial and auditory processing, as well as other impairments of executive function (Hoff et al. 1996; Manschreck et al. 1990; Rogers et al. 1999 ). These cognitive deficits have been linked to functional abnormalities in multiple cortical and subcortical regions of human addicts (Bolla et al. 2004 , Goldstein et al. 2004 , Hester and Garavan 2004 .
In addition to functional abnormalities, cocaine use and abuse has also been associated with structural abnormalities. Franklin et al. (2002) were the first to report neuroanatomical evidence of lower gray matter density in cocaine users using voxel-based morphometry (Franklin et al. 2002) . Lower gray matter density was observed in the insular cortex, medial orbitofrontal cortex, superior temporal cortex, and the right anterior cingulate. Sim et al. (2007) recently reported lower white matter density in the right cerebellum as well as lower gray matter density in the premotor cortex, the temporal cortex, the left thalamus, the cerebellum, and the frontal cortex in current cocaine users (Sim et al. 2007 ). These results are consistent with prior studies that demonstrated reduced gray matter volume in the frontal cortex of cocaine users (Bartzokis et al. 1999; Fein et al. 2002; Lim et al. 2002) . Few attempts have been made, however, to relate these abnormalities to specific cognitive functions.
Cocaine-dependent individuals that have been abstinent for several weeks also have significantly lower brain tissue density than nondrug-using controls. Matochik et al. (2003) , for example, investigated gray and white matter densities in individuals abstinent from cocaine for 20 days (Matochik et al. 2003) . These relatively short-term abstainers had lower gray matter density in the cingulate gyrus, lateral prefrontal cortex, and medial and lateral aspects of the orbitofrontal cortex than controls. A study of polydrug abusers in a residential treatment facility documented lower gray matter volume in the left and right orbitofrontal cortex of abstainers relative to controls (Tanabe et al. 2009 ). Furthermore, Volkow et al. (1992) demonstrated that lower glucose metabolism in the frontal cortex of cocaine users may persist for up to 3 months of cocaine abstinence (Volkow et al. 1992) .
While the neurostructural integrity of cocaine abstainers has not been directly compared to active cocaine users and nondrug-using controls, independent reports demonstrate that both active cocaine users and short-term cocaine abstainers have significantly lower tissue density in several overlapping brain regions, namely, the cingulate, orbitofrontal, and insular cortices. These regions are implicated in multiple cognitive and limbic functions such as assigning emotional valence (Nielen et al. 2009; Prohovnik et al. 2004) , decision making (Bechara et al. 2001) , and behavioral inhibition (Knutson et al. 2000; Koechlin et al. 1999) , processes which are impaired in current cocaine users. Deficits in executive functioning in nontreatment-seeking users relative to matched controls appear to be most evident when users have a negative rather than positive urine drug screen on the day of testing (Woicik et al. 2009 ). This suggests that recent cocaine use may actually mask additional cognitive deficits in these users. Few studies, however, have addressed the trajectory of cognitive function through extended abstinence. After 3 months of abstinence, for example, former cocainedependent users had lower academic achievement, verbal memory, and abstraction measures than nondrug-using controls (Block et al. 2002) . DiSclafani et al. (2002) demonstrated that, independent of depression scores and alcohol dependence status, individuals abstinent from cocaine for 6 weeks had significantly lower scores on attention, executive function, spatial processing, and memory and reaction time tasks than nondrug-using controls. After 6 months, 52% of the abstaining participants had relapsed. The individuals that maintained sobriety, however, had significantly higher cognitive performance at the end of the treatment than the beginning, with the largest improvement being in the memory domain (DiSclafani et al. 2002) .
While these aforementioned studies of cocaine abstinence have documented abnormalities in both brain structure and cognitive performance compared to nondrug-using healthy controls, the extent to which these abnormalities in neurostructural integrity compare to current cocaine users has not been addressed. The purpose of this study, therefore, was first to determine whether structural abnormalities documented in current cocaine users relative to well-matched nondrug-using controls were also present in individuals that have been abstinent from cocaine for over 1 month. A second purpose was to determine whether there was a relationship between cognitive performance and neurostructural integrity in these cocaine users and abstinent individuals.
Methods and materials

Participants
Data from of 73 participants were compiled across two existing databases previously acquired for functional neuroimaging investigations of cocaine users and cocaine abstainers. Participants were recruited from the WinstonSalem, North Carolina area via television advertisements. Participants were divided into three groups: current cocaine users meeting the Diagnostic and Statistical Manual of Mental Disorders-IV (DSM-IV) criteria for cocaine dependence (n =24), current cocaine abstainers (n =24), and demographically matched, nondrug-abusing controls (n=25). Pertinent demographic variables of all three groups are presented in Table 1 . At the time of screening, all participants were given a psychiatric examination (Structured Clinical Interview for DSM-IV Axis I Disorders [SCID]), completed a basic medical history inventory, provided urine for a urine drug screen, and completed several surveys including a drug use inventory and an IQ test (Wechsler Abbreviated Scale of Intelligence). Participants were excluded for past or current psychological disorders (including alcohol dependence) by DSM-IV criteria, a past or current neurological disorder (e.g., head trauma, seizure, extended loss of consciousness), gross anatomic brain abnormalities, presence of metal objects in the body, and pregnancy. In addition to demographic data and cocaine use histories, high-resolution structural MRIs of each subject's brain were obtained (details below). Including image acquisition, the evaluation lasted no longer than 4 h. The study was approved by the Wake Forest University Institutional Review Board and all participants provided written consent for participation. The current cocaine users reported that cocaine was their primary drug of choice using crack or both crack and powdered cocaine. Participants had all been using cocaine for at least 12 months, administering the drug at least once per week. Cocaine use up to 72 h prior to our evaluation was verified using a urine toxicology screen that tested positive for cocaine metabolites on the day of the MRI scan. Participants were instructed not to use the drug after midnight the night before our evaluation. The current cocaine abstainers group also reported that cocaine had been their primary drug of choice using crack or both crack and powdered cocaine. Participants had a history of cocaine dependence and weekly cocaine use from 1 to 25 years. These individuals were currently enrolled in one of two local stepped rehabilitation programs. They had been abstinent for a period of time ranging from 30 to 114 days. Abstinence was confirmed by semiweekly urine toxicology screens at the rehabilitation center. Abstinence was further confirmed at the time of this study via both urine drug screen and self-report. The control group was rigorously selected to match the cocaine user and abstainer groups on the basis of age, sex, and IQ. Participants were excluded from the control group if they had ever used any illicit drugs other than marijuana.
Cognitive assessment
Neuropsychological assessment was carried out with the selected tests from the Cambridge Neuropsychological Test Automated Battery (CANTAB). The CANTAB battery included: reaction time, intradimensional/extradimensional (IDED) set-shift, delayed match to sample, pattern recognition memory, and the Stockings of Cambridge planning task. These tests evaluated psychomotor performance, recognition memory, working memory, attentional set-shifting, and planning, respectively (for more detail, see http://www.cantab.com/cantab). In addition to cognitive assessment, a measure of depressive symptoms and both state and trait anxiety were gathered for all participants. Depressive symptoms were measured with the Beck Depression Inventory (BDI; Beck et al. 1996) . While the classification of depression based on BDI cutoff scores is an area of debate, the following guidelines were used to interpret our results: <10=none or minimal depression; 10-18=mild to moderate depression; 19-29=moderate to severe depression; 30-63=severe depression. Anxiety was measured with the Spielberger State-Trait Anxiety Inventory at the time of the MRI scan (Spielberger 1983 ).
Statistical analysis
To determine whether there were any differences in cognitive performance among groups, analyses of variance were performed for each of the five CANTAB tests. CANTAB generates multiple dependent measures for each of the five tests. One measure was chosen from each test as the best indicator of overall performance for that task (motor: reaction time, pattern recognition memory: percent correct, delayed match to sample: percent correct on the longest delay (12 s), set-shifting: total errors adjusted for stages completed, planning: stages completed). Bonferroni tests were used for post hoc analysis to account for multiple comparisons (p<0.05).
Brain tissue density assessment
MRI acquisition
Structural T1-weighted images were acquired with a 3-D SPGR on a 1.5-T GE magnetic resonance imaging scanner (Milwaukee, WI) at Wake Forest University Baptist Medical Center. The acquisition parameters were TE/TR=9.56/2.98 ms, flip angle=20°, matrix=256×256, with 124 slices of 1.5 mm thickness (with no interslice gap) through the entire brain.
Voxel-based morphometric analysis
Data were analyzed on a Dell Precision 690 Workstation (Dell Inc., Round Rock, TX) using SPM 05 software (Wellcome Department of Cognitive Neurology, London, UK) running on MATLAB 7.0.4 (The Mathworks, Natick, MA) according to the method described by Ashburner and Friston (2005) . Voxel-based morphometry requires an ordered sequence of preprocessing steps including segmentation, spatial normalization, and smoothing. Following preprocessing, statistical parametric comparisons were made. These steps are explained further below.
Segmentation Structural T1-weighted images were received in DICOM format, converted to Analyze format, interpolated to 0.94 mm 3 voxels, and stored as axial slices. These original MRI images were segmented into gray matter, white matter, and CSF images using a clustering algorithm that recognizes particular tissue classes by voxel intensity. All nonbrain voxels of scalp, muscle, bone, and venous sinuses were extracted from the segmented images. Segmentation is bias corrected for magnetic field inhomogeneity.
Spatial normalization Segmented gray and white matter images were spatially normalized by linear and nonlinear transformations to the same stereotaxic coordinate space developed at the Montreal Neurological Institute (MNI). This is done in order to account for global brain differences in shape and size. In order to preserve volume changes that may be created during the normalization process, segmented images are modulated by the Jacobian determinants created during the normalization process. This step accounts for the absolute volumes as they compare to the relative density during the standard voxel-based morphometry process.
Smoothing Each segmented, normalized, modulated gray/ white matter image was then smoothed using an isotropic full width at half maximum 8 mm 3 Gaussian kernel. This is done in order to reduce the effects of image noise and to conform the images to the assumptions of random field theory for subsequent statistical analysis.
Statistical analyses
The effects of aging on the structure of the brain have been well documented Madden et al. 2009; Milton et al. 1991) , and in order to account for these effects, age was included in all comparisons as a nuisance variable, removing the effects due to age on brain structure. Voxel-based statistics were used to compare differences in signal intensity between groups (users, abstainers, and controls) using the voxel-based morphometry toolbox in SPM5. Contrast maps were passed through an initial threshold of p<0.001. Clusters of adjacent voxels that passed an initial uncorrected threshold of p<0.001 were considered statistically significant at a threshold of p<0.05 with correction for multiple comparisons. Final images were then created with a minimum cluster size of 200 voxels, the smallest significant cluster, in order to show only those regions of statistical significance.
The relationship between cognitive performance and brain tissue density was investigated independently for gray matter and white matter. Performance on all five CANTAB tests were incorporated into the design and all participants in the study were included in the regressions. Alcohol use (AUDIT score) was modeled as a covariate of no interest. As the cognitive data revealed a significant interaction between group and task performance, the results of the regressions with tissue density are reported for each group independently. Furthermore, linear correlations were performed to determine whether duration of use and/or duration of abstinence were associated with differences in gray and white matter densities in users and abstainers. For all correlation analyses, clusters of brain regions that passed a voxel threshold of p<0.001 and reached a cluster threshold of p<0.05 corrected for multiple comparisons were considered significant.
Post hoc analysis
Based on the observation that the average BDI scores were within the range of mild to moderate depressive symptoms (BDI=11-19) for both the cocaine users and the abstainers, post hoc analyses were used to determine whether BDI score was related to neurostructural integrity and cognitive performance among these individuals. For the neurostructural analysis, BDI was incorporated as a covariate into the design matrices for both gray matter and white matter maps. Data for the cocaine users and abstainers were included in the analysis. An analysis of variance was performed to assess the effect of BDI score on cognitive performance in these individuals. The distribution of BDI scores for the controls violated the assumption of normality and was, therefore, not included in the regressions.
Results
Brain tissue density
Cocaine users relative to controls
The current cocaine users had significantly lower tissue density than controls in several areas of gray matter ( Table 2 , Fig. 1a ) and white matter (Table 3, Fig. 1b ). These differences were observed in both cortical and subcortical areas (Fig. 1c) . Current users had lower cortical gray matter density in the right medial, left middle, and bilateral inferior frontal gyri relative to controls. The users had lower subcortical gray matter density in the right caudate and the bilateral cerebellum. There were no regions in which the cocaine users had higher gray or white matter density than controls.
Cocaine abstainers relative to controls
The cocaine abstainers had significantly lower tissue density than controls in several areas of subcortical gray matter (Table 2, Fig. 2a ), but no significant differences were observed in white matter (Table 3 , Fig. 2b ). Similar to the cocaine users, there were significant differences in subcortical gray matter density; specifically, the cocaine abstainers had lower gray matter density in the right caudate/putamen and the bilateral cerebellum than controls (Fig. 2c ). There were no areas in which the cocaine abstainers had higher gray matter density than controls. There were also no areas of higher white matter density in the abstainers.
Current cocaine users relative to cocaine abstainers
Cocaine users had significantly lower tissue density than abstainers and controls in multiple frontal and temporal cortical areas (Table 2 , Fig. 3a ) as well as lower white matter density in the vicinity of the insula and the middle and medial frontal gyri (Table 3 , Fig. 3b ). Areas with the largest differences between current users and abstainers were all cortical: the right orbitofrontal cortex, right medial (Fig. 3c ). There were no areas in which the cocaine users had higher gray or white matter density than the abstainers.
Duration of cocaine use and abstinence
There were no clusters of gray or white matter that significantly correlated with length of cocaine use in the current cocaine Relative to both controls and abstainers, current cocaine users had slower reaction times and lower accuracy on pattern recognition memory, delayed match to sample, and planning (Fig. 4) . In contrast, on the IDED set-shifting task, both current cocaine users and abstainers made significantly more errors than controls. There was no difference in performance between the current users and cocaine abstainers. Therefore, the IDED shift was the only test on which cocaine abstainers performed significantly more poorly than matched controls. Further analyses of the performance on the IDED task revealed that the cocaine abstainers made significantly less extradimensional shifting errors than the users (F (1,46) =3.609, p=0.033), but overall error rate was significantly higher than that of the matched controls (F (1,47) =3.30, p=0.028) .
Relationship between brain tissue density and cognitive performance
To determine whether differences in tissue density among the participants were related differences in cognitive performance, a multiple regression was performed for all groups. Within the healthy controls, there was no significant relationship between cognitive performance and gray matter density. Within the current cocaine users and the abstainers, there was a negative correlation between performance on the delayed match to sample task (errors at the long delay) and gray matter density in the medial prefrontal cortex (cluster, p=0.036, coordinates of the maximum, x,y,z=7, 42, −12) and middle temporal gyrus (p=0.042, x,y,z=−35, 10, −44). There was also a negative correlation between reaction time and gray matter Fig. 2 Tissue density in cocaine abstainers relative to controls. Locations with significantly lower gray matter (a) and white matter (b) densities in cocaine abstainers relative to matched controls (p<0.001, corrected). These statistical gray and white matter maps have been superimposed to demonstrate the distribution of lower tissue density in the users (c). Color bar represents t values from the statistical maps density in the superior prefrontal cortex (p=0.035, x,y,z=15, 14, 60), extending medially through the supplementary motor area. Stockings of Cambridge performance was not significantly correlated with any specific clusters of gray matter density in the study. There were no significant correlations between white matter density and performance in the cognitive tests for any of the groups.
Although the cocaine users and abstainers both made significantly more errors on the set-shifting task, within the cocaine abstainers alone, there was a significant relationship between performance on the set-shifting task in several cortical gray matter areas including the left anterior insula and left and right temporal cortices (Fig. 5a ). In addition to these cortical areas, the lower error rates on the IDED task were associated with significantly higher tissue density in the left caudate and putamen (Fig. 5b) .
Post hoc analysis BDI score was not significantly correlated with either gray or white matter density among the cocaine users or abstainers, as revealed by the general linear model (p>0.05, corrected). There was also no main effect or interaction between BDI score and CANTAB performance in these individuals. The control group was not included in these analyses due to low levels and limited distribution of BDI scores.
Discussion
The results of this preliminary investigation demonstrate that there are significant differences in gray and white matter densities of individuals that have abstained from cocaine for at least 1 month, relative to current cocaine users. Consistent with prior studies, current cocaine users had significantly lower tissue density in both cortical and subcortical structures relative to controls. While the abstainers also had significantly lower tissue density in subcortical areas (caudate and cerebellum), tissue density in the cortex did not significantly differ from controls. Furthermore, cortical gray matter density was correlated with performance on multiple cognitive tests in which abstainers performed better than cocaine users. Together, these data suggest that individuals that are able to remain abstinent for more than a month may have higher cortical gray matter and better cognitive performance than individuals that currently use cocaine.
One interpretation of these data is that lower gray matter density observed in current cocaine users may Fig. 3 Tissue density in active cocaine users relative to cocaine abstainers. Locations with significantly lower gray matter (a) and white matter (b) densities in cocaine users relative to abstainers (p<0.001, corrected). These statistical gray and white matter maps have been superimposed to demonstrate the distribution of lower tissue density in the users (c). Color bar represents t values from the statistical maps return to control levels with protracted abstinence. This reversal is well documented in individuals abstaining from alcohol. Lower gray and white matter volumes in alcohol-dependent individuals recover after several weeks of abstinence from alcohol (Gazdzinski et al. 2005; Pfefferbaum et al. 1995; Pfefferbaum et al. 1998) . Gray matter density also increases with abstinence from methamphetamine use in the striatum, accumbens, and parietal cortex (Jernigan et al. 2005) , and positron emission tomography studies have revealed elevated glucose metabolism throughout the cortex of methamphetamine abstainers, with the greatest increase (≥20%) in the parietal cortex (Berman et al. 2008; London et al. 2004) . Additionally, dopamine transporter availability in users reverses with prolonged abstinence (Volkow et al. 2001) . These reports in alcohol and methamphetamine abusers are consistent with the Fig. 4 Cognitive performance in current cocaine users, abstainers, and matched controls. Average scores (+SE) for the cocaine abstainers (black), cocaine users (gray), and age-and IQ-matched controls (white) are displayed for five subtests of the CANTAB. *p<0.05 corrected, relative to controls; #p<0.05 corrected, relative to abstainers possibility that structural abnormalities associated with cocaine use may be reversed following extended abstinence.
An alternate interpretation of the preserved neocortical tissue density of abstinent cocaine users is that this group may represent a "survivor effect." That is, among cocaine users, there is a subpopulation with more intact cortical tissue density that may play a role in improving their ability to achieve and maintain abstinence. Such individuals would be over-represented in the abstinence group as our current data suggests. Should individuals in this cohort seek treatment, higher cortical integrity at the initiation of abstinence could lead to better long-term outcomes than the high relapse rates typical of most cocaine users. In the present study, tissue deficits observed in current users were largely within the corticolimbic system, deficits of which are associated with compulsive drug-seeking behaviors (Volkow and Fowler 2000) , poor behavioral inhibition (Devinsky et al. 1995) , and cocaine dependence (Bolla et al. 2004; Matochik et al. 2003) . Cocaine users with higher tissue density, especially within this system, are more likely to have better behavioral inhibition and less likely to express and/or act on compulsive drug behaviors. As a result, this cohort may have the improved capacity to maintain abstinence over prolonged periods of time. Finally, an additional factor is the better cognitive performance of the abstainers, compared to the current cocaine users, which may reflect the high cortical tissue density of the abstainers. This may also contribute to their ability to maintain abstinence.
In order to evaluate this hypothesis further, gray and white matter tissue densities were regressed with length of use for all individuals in the cocaine user and abstainer groups. Consistent with prior studies, there was no correlation between length of use and gray matter density in the frontal cortex (Matochik et al. 2003) , suggesting that cocaine users who successfully abstain represent a unique population of cocaine-dependent individuals. A later study found that bilateral cerebellar gray matter volumes were negatively correlated with length of cocaine use (Sim et al. 2007) . A possible explanation for this difference is that volumetric measurements and tissue density measurements are not equivalent, since a change in volume within a region could occur without a change in tissue density (Franklin et al. 2002) . While it would be valuable to assess the effect of length of abstinence with cognitive performance and brain structure directly, the limited sample size and cross-sectional design of this study did not have enough power to make that comparison.
Another important observation is that the abstainers had significantly fewer depressive symptoms than the current users in this investigation. While none of the cocaine users met the criteria for current or past major depressive disorder, current users had significantly higher scores on BDI than the abstainers and the controls. The relationship between depression and cocaine addiction has been well documented, as has the reduction in symptoms in the first weeks of treatment (Weddington et al. 1990 ). However, because the present study was cross-sectional in nature, it is not possible to conclude that longer durations of abstinence produced an improvement in depressive symptoms. Several reports suggest that cocaine abusers with comorbid depression may have greater difficulty in remaining abstinent and suffer from more intense cocaine cravings (Elman et al. 2002 ). An alternative explanation for the lower depression scores observed in these abstainers is that individuals with higher Fig. 5 Correlation between setshifting performance and gray matter density in cocaine abstainers. Statistical maps of the distribution of voxels that are negatively correlated with errors on the IDED set-shifting task in abstainers are displayed (a) (p<0.05, corrected). The correlation between total errors in the set-shifting task relative to the gray matter intensity value at the peak of the most significant cluster (striatum) is displayed (b). The color bar represents t values from the voxel-based correlation depressive symptoms are less likely to remain in treatment programs. Recent data suggests, however, that there is no significant relationship between depressive symptoms and treatment retention (Aharonovich et al. 2006) . Furthermore, post hoc analyses did not reveal a significant relationship between BDI score and either CANTAB performance or gray or white matter density in these data. There may, however, be a synergistic relationship among decreased symptoms of depression, elevated cognitive function, cortical density, and continued abstinence.
It is important to note that the preliminary nature of this investigation results in several limitations. While the use of a control group rigorously matched for age and IQ is an important contribution to the literature on cognitive and neurostructural characteristics of cocaine abstainers, a larger cohort of abstainers that could be followed up in a prospective manner would expand the implications of these data. Additionally, the abstainers were part of drug abuse programs in the community that also required them to abstain from alcohol. As a result, increased neocortical density in abstainers could be the result of concomitant abstinence from the combination of alcohol and cocaine. Given that alcohol abstinence has large effects on the cerebellum (Gazdzinski et al. 2005) , however, which remains lower than controls in the cocaine abstainers, alcohol abstinence cannot alone account for the spatial distribution of the data. To address this concern, AUDIT scores were used as a covariate in all group analyses and correlations between behavior and brain structure and were not found to be an important factor. The acute effects of cocaine could also influence these data, as the cocaine users all tested positive for cocaine at the time of image acquisition. While this may have affected their cognitive performance, there is no evidence to suggest that the acute physiological effects of cocaine could account for a selective spatial distribution of changes in voxel-based morphometric measures. Furthermore, although gender differences in neural structure and function are well established among both controls and substance-abusing populations, the relatively low percentage of female users that chose to participate in this study precludes us from conducting meaningful analyses about the effects of gender.
In conclusion, this study reveals that, in a cohort of individuals abstinent from cocaine for at least 1 month, there are few differences in cognitive performance or cortical gray matter relative to age-and IQ-matched control participants. However, relative to cocaine users, these abstainers performed significantly better on tests of memory and sensorimotor control and had higher cortical gray matter density despite similar low gray matter density in the striatum and the cerebellum. This is the first study to directly compare cognitive performance and neurostructural integrity in cocaine abstainers to both current users and nondrug-using controls matched for age and IQ. Considered together, these data suggest that individuals able to abstain from cocaine for more prolonged periods of time may have higher neocortical tissue density than current users despite similar subcortical deficits. Furthermore, the absence of cortical deficits may be an important factor in the ability to remain abstinent, as well as their improved cognitive performance. Longitudinal and behavior studies are needed to address this interpretation directly.
